Background/Aims: Whether maternal vitamin D deficiency is associated with gestational diabetes remains controversial. This meta-analysis aimed to systematically evaluate published evidence on the association between maternal vitamin D status and the risk of gestational diabetes. Methods: We retrieved relevant articles from the PubMed, Medline and Embase databases up to May 2017 for observational studies investigating the association between vitamin D status and the risk of gestational diabetes. Odds ratios (OR) or risk ratios (RR) from individual studies were pooled using the fixed and random effect models. Results: The meta-analysis of 29 observational studies included 28,982 participants, of which 4,634 were diagnosed with gestational diabetes, and showed that maternal vitamin D insufficiency was associated with a significantly increased risk of gestational diabetes by 39% (pooled OR = 1.39, 95%CI = 1.20-1.60) with moderate heterogeneity (I 2 = 50.2%; P = 0.001). Moreover, the 25(OH)D level was significantly lower in gestational diabetes cases than in controls with a pooled effect of -4.79 nmol/L (95% CI = -6.43, -3.15). Significant heterogeneity was also detected (I 2 = 65.0%, P < 0.001). Further subgroup analysis indicated that this association was also evident in most subpopulations. Conclusion: This meta-analysis indicated a significant association between vitamin D insufficiency and increased risk of gestational diabetes. Further well-designed large-scale clinical trials are essential to verify this association.
Introduction
Gestational diabetes, defined by glucose intolerance with the onset or first recognition during pregnancy, is the leading cause of complications associated with childbirth. Its prevalence is increasing globally and has reached nearly 15%-20% [1] . Women with
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gestational diabetes had an increased risk of developing preeclampsia, dystocia and delivering macrosomia. It also has serious, long-term outcomes for both the mother and their offspring, including a predisposition to obesity, diabetes and metabolic syndrome later in life [2] . Research has shown that advanced maternal age, maternal obesity or overweight and a family history of diabetes could influence the development of gestational diabetes [2] . Whether maternal vitamin D deficiency is associated with gestational diabetes remains unclear. Due to foetal growth needs, inadequate vitamin D intake and limited sunlight exposure, vitamin D deficiency and insufficiency are very common in pregnant women [3] . Multiple studies have reported that maternal vitamin D deficiency during pregnancy appears to be associated with an increased risk of gestational diabetes [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ; vitamin D supplementation in gestational diabetes patients had beneficial effects on fasting plasma glucose and serum insulin levels [14, 15] . Moreover, some studies have shown that vitamin D is required for the normal production and secretion of insulin by the endocrine pancreas [16, 17] . However, controversial results are also abundant, suggesting no significant differences in vitamin D status between women with gestational diabetes and normal glucose tolerance [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Thus, to systematically evaluate published evidence on the association between maternal vitamin D status and the risk of gestational diabetes, we conducted an extensive literature search and meta-analysis.
Materials and Methods

Search Strategy and Selection Criteria
This meta-analysis was performed and reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis Statement issued in 2009 (Checklist S1) [35] . Institutional Review Board approval (2016(8)) was obtained from Nanjing Maternity and Child Health Care Institute.
We retrieved relevant articles in the PubMed, Medline and Embase databases up to May 2017 using the following search parameters: any observational study investigating the association between vitamin D status and the risk of gestational diabetes, with "vitamin D" OR "25(OH)D" OR "25-hydroxyvitamin D" OR "cholecalciferol" AND "gestational diabetes" as the search terms. Furthermore, we reviewed the reference lists in the retrieved articles and review articles to identify additional studies that may be eligible for inclusion in this analysis.
Studies were included in our pooled analysis if: 1) the study population was pregnant women; 2) gestational diabetes was the outcome and the control group consisted of women with normal glucose tolerance; 3) the associations between vitamin D status and risk of gestational diabetes were evaluated; 4) an effect estimate [odds ratios (OR) or risk ratios (RR)] with 95% confidence intervals (CI) for comparisons of vitamin D insufficiency and sufficiency was provided or could be calculated; 5) the article was published in English (Fig. 1) . We excluded studies that were case reports or not published as full reports, studies where the vitamin D level tested during or after delivery, and studies without control subjects or with an inappropriate comparison group.
Independent Assessment
Two investigators independently searched and reviewed all the retrieved articles using a standardized approach, and data were extracted via a standardized data extraction form and checked by other investigators. The two investigators were blinded to identify information from each study and judged the inclusion and exclusion criteria of the study.
The data collected included the first author's last name, publication year, study location, study design, number of participants and gestational diabetes cases, gestational diabetes criteria, assessment of vitamin D, mean (SD) or median (IQR) concentrations of 25(OH)D, vitamin D cut-off value, adjustment for confounders, the effect estimate with 95%CI, and other related information. As there were different vitamin D cut-off values among different studies, we defined the maternal vitamin D status in this meta-analysis based on any levels reported as vitamin D deficiency or insufficiency from these studies (range from 25 to 75 nmol/L). If any of these data were missing, the respective authors were contacted for relevant information. The 
Statistical Analysis
The effect estimate (OR or RR) with 95%CI in each study was used to examine the association between vitamin D status and the risk of gestational diabetes. If the adjusted effect estimate was not given, a crude effect estimate was used. If the OR with 95%CI was not provided, the data were calculated by a 2 × 2 table. Forest plots were used to visually assess pooled estimates and corresponding 95% CIs. Statistical heterogeneity among studies was tested using the χ 2 test, I 2 statistics, and P values [36] . In the presence of non-significant heterogeneity (P > 0.10), a fixed-effects model was used to calculate the pooled effect size, otherwise, a random-effects model was applied. Sensitivity analyses were performed by removing individual studies to evaluate the influence of the included study in our meta-analysis. Subgroup analyses were also conducted for the subgroups based on population, study design, number of participants, gestational diabetes criteria, assessment of vitamin D, trimester, significant difference in 25(OH)D between groups, cut-off value, and adjustment for confounders. Potent publication bias was evaluated by using funnel plots, Begg's test and Egger's test [37] . A P value less than 0.10 was considered to indicate significant publication bias. All statistical analyses were two-sided and performed using Stata software (version 11.0; Stata Corp).
Results
The flow chart of the study selection is described in Fig. 1 . The relevant 129 articles were identified in our initial search, of which 79 were excluded after screening titles and/or abstracts. A total of 50 potentially eligible studies were selected. After detailed evaluations, 29 observational studies were included for the final pooled analysis [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
A summary of the included studies is presented in Table 1 . The earliest study was published in 2008 and the latest in 2017, but more than half of the studies were published within the past 5 years. The 29 included studies consisted of 13 cohort studies, 8 nested casecontrol studies, 5 case-control studies, and 3 cross-sectional studies. In total, these studies (3), (6), (7), (9), (12) (3), (5) - (7), (10), (17) (4), (6), (14), (15) (3), (7), (9), (12), (17), (19) , (26), (27) Arnold 2015 (3), (5), (7), (12), (15), (17) (2), (6), (9), (28) Overall, 29 studies were used for the meta-analysis to determine the association between vitamin D status and the risk of gestational diabetes (Fig. 2) . Ten studies showed an increased risk of gestational diabetes for vitamin D insufficiency, eighteen studies showed no significant association between the two, and only one study showed a reduced risk of gestational diabetes for vitamin D insufficiency. The summary OR showed that maternal vitamin D insufficiency was associated with a significantly increased risk of gestational diabetes by 39% (pooled OR = 1.39, 95%CI = 1.20-1.60), and moderate heterogeneity was detected across the included studies (I 2 = 50.2%; P = 0.001). The individual risk estimate for these studies ranged from 0.58 to 3.34. We also conducted a sensitivity analysis to sequentially exclude each study from the pooled analysis. The conclusion was not affected by excluding any specific study. Fig. 3 shows the results comparing the mean difference of 18 studies including 17, 487 participants. Sixteen of the 18 studies reported that a reduced 25(OH)D level was associated with gestational diabetes. However, the mean difference for each study varied from -14.80 to 11.00. The pooled effect was -4.79 nmol/L (95% CI = -6.43, -3.15) and significant heterogeneity was also detected (I 2 = 65.0%, P < 0.001). The results showed that the 25(OH)D level was significantly lower in gestational diabetes cases than in controls and demonstrated that vitamin D insufficiency was significantly associated with an increased risk of gestational diabetes.
We also stratified our analysis based on population, study design, number of participants, gestational diabetes criteria, assessment of vitamin D, trimester, significant difference in 25(OH)D between groups, cut-off value, and adjustment for confounders to minimize heterogeneity among the included studies (Fig. 4) . In our results, the ORs of the studies conducted in developed countries (vs. developing countries); with a sample size less than 1, 000 (vs. sample size greater than 1, 000); and adjusted for confounders (vs. non-adjustments) were larger, but statistical significance for heterogeneity was not reached (heterogeneity test: all P > 0.100). The OR of the cohort studies (1.17) was significantly smaller than that of studies with other study designs (1.55) (heterogeneity test: P = 0.051); and the OR of studies with a significant difference in serum 25(OH)D between gestational diabetes and controls (1.59) was significantly larger than that of studies with non-significant difference (1.23) (heterogeneity test: P = 0.039). In addition, subgroup analysis by assessment of vitamin D, trimester, cut-off value, and adjustment for confounders were all significant (Fig. 4) . 
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We then evaluated publication bias by using funnel plots, Begg's test and Egger's test (Fig. 5) . The P values of the Begg's and Egger's tests were 0.499 and 0.769, respectively, revealing no obvious publication bias in our analysis.
Discussion
This report reviewed and pooled epidemiological data assessing the association between vitamin D status and the risk of gestational diabetes. This comprehensive quantitative metaanalysis included 28, 982 participants and 4, 634 gestational diabetes cases with various ethnicities. Our results suggested that maternal vitamin D insufficiency might play an important role in the risk of gestational diabetes, and that the 25(OH)D level of gestational diabetes cases was decreased by 4.79 nmol/L compared to the control group.
Several previous meta-analyses have suggested that vitamin D insufficiency was associated with an increased risk of gestational diabetes [38] [39] [40] [41] . However, these previous studies did not include several important observational studies. Furthermore, the studies did not evaluate the association between the serum 25(OH)D level and gestational diabetes, nor did they evaluate the association in specific subpopulations. Therefore, we conducted an updated meta-analysis including all of the important observational studies to evaluate the association between vitamin D deficiency and the risk of gestational diabetes, the association between the serum 25(OH)D level and gestational diabetes, as well as subgroup analysis in various subgroups. The subgroup analysis that was performed to reduce selection bias and increase the generalizability of the present results to other populations is the main strength of this study.
There was considerable heterogeneity among the 29 included studies, which was not surprising given the different ethnicities, study designs, number of participants, gestational diabetes criteria, assessment of vitamin D, trimester, cut-off values, and adjustments for confounders. Subgroup analysis suggested that maternal vitamin D insufficiency was associated with increased risk of gestational diabetes only if the following parameters were met: the study was conducted in developed countries, cohort design was not used in the study, criteria from the American Diabetes Association (ADA), Australasian Diabetes in Pregnancy Society (ADPS) or World Health Organization (WHO) was used for the gestational diabetes diagnosis, and a significant difference in serum 25(OH)D was observed between gestational diabetes cases and controls. According to the number of participants, we divided the publications into studies with sample sizes less than 1, 000 and greater than 1, 000. The OR of the group with a sample size less than 1, 000 was significantly larger than that of the group with a sample size of greater than 1, 000. Because larger studies are more representative and have less bias, the results of the studies with a larger sample size tended to be more reliable. In addition to vitamin D, there are also many competing risks that could increase the rate of gestational diabetes, including age, BMI, ethnicity, pregnancy weight gain, physical activity, socio-economic status, alcohol consumption, family history of diabetes, previous history of diabetes, etc. Thus, the overall effect decreased after adjustment for some variables.
The observed association between maternal vitamin D insufficiency and increased risk of gestational diabetes is biologically plausible. This meta-analysis has several limitations. First, the diagnostic criteria for gestational diabetes, the assay method for 25(OH)D, and the vitamin D cut-off values differed between studies. Further, potential confounding factors in several studies could not be adjusted for, and the adjusted models across the studies differed. Moreover, the long-term risk of adverse outcomes for mother and their offspring as well as data on sunlight exposure were not available and had not been reported by the included studies. Furthermore, the cause of the association between vitamin D insufficiency and the risk of gestational diabetes remains unclear due to the varied study designs across the included studies. Further well-designed randomized controlled trials are needed to evaluate this association and to determine the explicit effect of vitamin D supplementation on the prevention of gestational diabetes.
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